Free energy ∆G/k B T measured using umbrella sampling as a function of extracted methane n ex for the disordered porous carbon membrane pictured in the upper left inset. The free energy for ∆P = 0 and two additional pressure differences are shown. The free energy results are qualitatively similar to those observed for the carbon nanotube membrane. This demonstrates the generality of the effect, which applies to non-ideal structures. The increase in free energy was smaller due to the greater porosity of the disordered membrane. The lower right insets show two periodic images of the system before and after the maximum free energy at ∆P = 20 MPa. The free energy increased far more rapidly than for the pure organic membrane. Once the organic component is completely covered by methane, the methane phase extends out into the water phase, in the manner of a bubble on a hydrophilic surface, rather than covering the quartz. This behavior, shown in the lower-right inset, is an expected consequence of the strong adsorption of water at the quartz surface. At the point where the nucleus becomes large enough to stretch over the hydrophilic region and combine with its periodic image, as illustrated in the inset, the free energy plateaus when ∆P = 0 and peaks when ∆P < 0. Water drops remained adsorbed to the quartz even after this critical point. While this is greater than the approximately 90 • angle observed in experiments and in simulations using more detailed models [7] , we aim only to model a simplified hydrophobic membrane, which this system provides. simulations supports our assertion that the energy barrier is a result of a net increase in interfacial tension. The spreading parameter as measured by the pressure tensors should be slightly greater than in the umbrella sampling, as in the metastable state depicted in Fig. 3b(I) , we expect a small amount of dissolved methane to lower the graphene-water surface tension. The negative value of the graphene-methane surface tension is a consequence of the fact that the atoms in the pistons are frozen in the x-y plane, and so do not contribute to the pressure tensor. We have gathered data from publicly available literature on gas production over time for some typical examples of unconventional wells from different shale plays [1] . Results are shown in Supplementary Figure 4a . The very limited number of studies accessible to the scientific community concern some vertical wells in addition to the more common horizontal wells and include both shale oil and shale gas wells. However, despite such data scarcity and variety, a general kinetic behavior of shale gas extraction can be established from Supplementary Figure 4 . After an initial transient period during the first few months of production, wells tend to settle into a first algebraic decay Q(t) ∼ t −β short , indicated by the dotted lines in Supplementary Figure 4a , with β short typically less than unity and sometimes but not generally close to 1/2. Such a rather slow algebraic decay can be rationalized on the basis of Darcy-like framework, as e.g. reported by Patzek et al. [8] and Monteiro et al. [9] . This leads to a Q(t) ∼ t −1/2 decay rate, as expected from boundary limited flow. Such models predict an exponential decay at long time, associated with full depletion of the gas region. However, as shown in Supplementary Figure 4a , data suggest that for long times, production enters a second regime, rather consistent with an algebraic decay Q(t) ∼ t −β long . This is shown in Supplementary Figure 4a as dashed lines, in most cases with a far more rapid decline β short < β long . While the short and long time range productions have been assigned respectively to Darcy-limited and transport-limited regimes [8, 10] , the physical origin and effects of well specificities (including their interfacial physical chemistry) for such a transition to a more rapid rate with algebraic decline remain unclear. For instance, large variations in behavior are observed even within a given geographic region, such as the Eagle Ford basin [1] [2] [3] shown in the inset to Supplementary Figure 4a . Furthermore, some wells such as those from the Barnett region, known for their excellent productivity and relatively long history, are somewhat atypical in that the gas production generally declines relatively slowly compared to other regions with a weakly pronounced difference between the short and long time ranges and a decay exponent close to that expected for a boundary-limited flow (β = 1/2).
In order to highlight this two-regime scenario, we gather in Supplementary Figure 4b the measured β exponents at early and late times as a parametric plot, for a number of decline curves reported in the literature [1] [2] [3] [4] [5] [6] . For hydrofracked wells (blue markers) for which a water-sand mixture is used as the pressure transmitting fluid, the β exponent is always larger at longer times with an overall tendency for larger β short to correlate with larger β long . Although most unconventional wells are stimulated using a water-based fracking fluid, waterless or low-water fluids have also been used in some cases including liquid petroleum gas (LPG) [5] , supercritical CO 2 , nitrogen gas, and nitrogen-water foams [6] . Our survey of the literature suggests that wells fracked using such fluids tend to have smaller decline exponents, occupying the red-shaded region of Supplementary Figure 4b . Non-water fluids have some disadvantages, most importantly an inferior ability to carry proppant particles to prevent fracture closure after stimulation, leading to lower total recovery.
